Application of the low-energy Light Emitting Diode (LED) is considered as a possible measure for 2 fuel saving in the squid jigging fishery. We monitored fuel consumption of fourteen coastal squid 3 jigging boats ranging in size from 6.6 to 19 gross tons (GT) operating in the northern and western 4 waters of the Sea of Japan in 2009 -2011. In summer in the northern waters, squid boats of 19 GT 5 consumed approximately 900 litres in one operation that lasted from the afternoon to the next 6 morning and 54 % of the fuel was used during jigging with 53 conventional metal halide lamps 7 (MHs) of 159 kW in total. In winter in the western waters, the total amount of fuel consumed in 8 conventional operations of the 6.6 to 16 GT boats was less, but fuel consumption during jigging with 9 lamps accounted for 70-78 % of the total consumption due to close fishing grounds. The relationship 10 between fuel consumption (litre) and energy (kW·h) during jigging with lamps was expressed as a 11 linear regression containing effects of the boat size and the inherent character of each boat. Fuel 12 consumption rate decreases on average 0.28 litre/kW·h by using LEDs with a reduced number of 13 MHs. When 9 kW LEDs were employed with 24 MHs for 19 GT boat in the western water in 14 summer, 24 % fuel saving was estimated. 15 16
To find appropriate measures to reduce fuel consumption and greenhouse gas emissions, it is 26 necessary to understand fuel consumption pattern in various fisheries. 27
Strong artificial lights are used in the Japanese squid jigging fishery to attract squid close the fishing 28 boat. In 2008, there was 4400 boats smaller than 19 GT in this fishery (Ministry of Agriculture, 29
Forestry and Fisheries, 2011). Most fishermen in this fleet believe that stronger light leads to larger 30 catch and there has been a competition that has gradually increased the power of light used in this 31 fishery. The fuel consumption has increased at the same time. In 1990s, the light source output 32 reached 300 kW for some coastal boats (Choi and Nakamura, 2003) . In 2008 fuel cost typically 33
accounted for approximately 40 % of fishermen's expenditure using 19 GT boats while in 2006 it 34 was about 27% (Demura, 2008) . 35
Introduction of high efficient (low-energy) Light Emitting Diode panels (LEDs) into the squid 36 jigging fishery is considered as a possibility for fuel saving. Our previous study revealed that a 37 combination of LEDs with sufficient number of conventional metal halide lamps (MHs) maintained 38 squid catch (Yamashita et al., 2012) . In this study, we present the fuel consumption of fourteen squid 39
The above fourteen boats were equipped with blue LEDs (Takagi Corporation, Kagawa, Japan) in 60 combination with existing MHs (3 kW output per bulb). The numbers of LEDs were different in 61 different sizes of boat (19 GT, 16 GT and <10 GT, hereafter referred as CLASS) because of the 62 difference in available deck space. Electric output of LEDs were 4.32 kW for a 6.6 GT boat, 4.68 63 kW for 7.9 and 8.5 GT boats, 6.48 kW for a 16 GT boat, and 9.00 kW for 19 GT boats. During the 64 research periods, all boats employed different numbers of MHs with full-lighting of LEDs (Table 2) . 65
We installed the positive displacement flowmeters (LS4976-460A for main engines of 19 GT, 66 LSF40PO-M1 for auxiliary engines of 19 GT, LS5076/213A for engines in other boats, Oval 67
Corporation, Tokyo, Japan) to these fourteen boats and fuel consumption was monitored in the 68 wheelhouse on a real-time basis. The captain of each boat recorded the time and fuel consumption of 69 every phase of the fishing process (departure from the port, arrival at the fishing ground, start of 70 lighting/jigging, change of lighting, end of lighting/jigging, departure from the fishing ground, and 71 arrival at the port) into the distributed log-books. 72
Fishing process was categorized as the following four processes; "OUTWARD" that is cruising from 73 port to the fishing ground while searching for squid; "WAITING", after arriving at the fishing 74 ground, waiting until sunset; "LIGHTING" that captures squid with lamps; and "RETURN" that 75 stops jigging and steams back to the landing port. Total amount of fuel consumed of any 76 experimental boat Ftotal can be expressed as follows.
77
Ftotal =Fout+Fwait+Flight+Freturn (1) 78 where, Fout is the amount of fuel consumed for steaming from port to the fishing ground, Fwait, the 6 amount of fuel consumed while waiting until the start of LIGHTING, Flight, the amount of fuel 80 during lighting and jigging, Freturn, the amount of fuel for the return back to the port, respectively.
81
We analyzed items on the right side of equation (1) to show the allocation of fuel consumption in the 82 operation processes by fishing grounds and CLASS. 83
Fuel consumption per kilowatt-hour increases according to efficiency reductions of the power 84 generator and engine at low load condition, when small electric power was used by the high rated 85 power generator, like a case of lighting with small number of lamps. Thus, fuel consumption rate is 86 not constant against electric power used for LIGHTING and influenced by variations of generator 87 and engine efficiencies (Sakai et al., 1995; Sakai and Sakamoto, 1999) . But variation in fuel 88 consumption rate of recent engines is not large in various load conditions (less than 8%, Fishing 89
Boat and System Engineering Association of Japan, 2010). We therefore assumed that fuel 90 consumption during LIGHTING is expressed as a linear relationship between a product of the sum 91 of electric power for fish attraction lamps P and automated jigging machines M (Table 2) , and 92 lighting period t as the following equation. 93
where, α is a constant of proportionality and β is an intercept. The fourteen boats however have 95 engines of different powers and/or an auxiliary engine with their own fuel consumption 96 characteristics. It is also known that fuel consumption differed even with the same engine and 97 electric output, when maintenance conditions are different (Sakai and Tazawa, 2008) . In addition, 98 log-book records may contain errors or different levels of accuracy due to different observers 99 (captains). Accordingly, we considered these inherent characters of boats as random effects assumed 100 to follow a normal distribution and assigned to a slope and/or an intercept to the equation (2). This 101 can be modeled as follows. We fitted the data into these general linear mixed models (Table 3 ) by using statistic software R (ver. 114 2.13.0) with lme4 package and adopted the model which showed the smallest AIC (Akaike's 115 Information Criteria) among models. 116
117

Results
118
Average duration for steaming to and from the fishing ground (OUTWARD+RETURN) varied8 among 3.04 -8.45 h depending on CLASS (Table 4) (Table 4) . Boats smaller than 10 GT consumed on average 45 litres off Tsushima in winter (Table 4) . 125
Durations for LIGHTING were shorter in summer (Hokkaido, 9.25 h; Iki, 9.22 h) and longer in 126 winter (Iki, 11.60 h; Tsushima, 8.74-9.59 h) relating to the length of night (Table 4) . Fuel 127 consumption with the 19 GT boats during LIGHTING in conventional operations in Hokkaido was 128 on average of 487 litres when they used the 53 MHs (159 kW output in total; Table 4 ). This is almost 129 the same as the upper limit of voluntary regulated electric output 160 kW. This suggests that 54 % of 130 total fuel consumption in conventional operation was spent during LIGHTING. Similarly, fuel 131 consumptions during LIGHTING accounted for approximately 70 % (371 litres) and 78 % (162 132 litres) of the total consumption for the 16 GT boat and boats smaller than 10 GT off Tsushima ( Table  133 4). 134
Fuel consumption rate (litres/h) under various lighting conditions (Table 2) showed different 135 tendencies for boats smaller than 10 GT and boats larger than 16 GT (Fig. 3) . When all lamps were 136 turned on, which is done in conventional operations, boats larger than 16 GT consumed 54-63 137 litres/h for lighting output more than 150 kW and boats smaller than 10 GT consumed 20-22 litres/h 138 against 57-60 kW output. By reducing number of MHs but having full-lighting of LEDs, fuel9 consumption rate decreased. When LEDs were used in place of 23 MHs (30 MHs and LEDs, 99 kW 140 total output; Table 2 Fig. 3 ). Thus, reduction of fuel consumption rate by reducing number of MHs did 146 not coincide the reduction rate of electric output of lamps and fuel reduction rate was below the 147 reduction rate of electric output of lamps (Fig. 4) . This is probably due to fuel spent during jigging in 148 addition to lighting (e.g. jigging machines). Table 5 ). Among coefficients expressing 154 random effects, an intercept for CLASS was greatest (-36.46 to 47.18; Table 6 ) and contained most 155 influenced to variances while a slope for CLASS was small (-0.01 to 0.01; Table 6 ). It can therefore 156 conclude that 0.28, 0.29 and 0.27 litres of fuel can be saved per kilowatt-hour for boats of 19 GT, 16 157 GT and boats smaller than 10 GT by replacing appropriate number of MHs to low-energy LEDs. 
